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In the isobaric tagging approach, the target peptide is isolated at much lower resolution (typically 1-3 Th), then dissociated to produce reporter tags. Therefore, the quantitative signal in the reporter region is compiled from every species in the isolation window 11 . For highly complex mixtures, concurrent isolation of multiple species is the rule, not the exception. This can compromise quantitative accuracy, as measured ratios tend to be compressed toward the median ratio of 1:1, restricting isobaric tagging to applications with relatively low sample complexity.
To document the extent of precursor interference, we created a precursor purity model ( Supplementary Fig. 1 and Online Methods) by labeling tryptic yeast peptides with tandem mass tag sixplex (TMT6) with reporter ion at nominal mass-to-charge ratio (m/z) of 126 (TMT6-126) isobaric tag. We combined these peptides with tryptic human peptides that had been labeled with the TMT6-131 tag. By incorporating human peptides as the 'interference' , we effectively modeled the precursor contamination characteristic of a complex human proteome sample. After nanoflow liquid chromatography-tandem mass spectrometry (nLC-MS/MS), using a standard higher-energy collisional dissociation (HCD) method, we examined the reporter m/z regions of MS/MS spectra that uniquely mapped to yeast. On average, only 68% of reporter ion signal originated from the target peptide ( Fig. 1a) . Only 3% of MS/MS spectra were derived from ultrapure (≥99%) precursors.
We next determined the effect of this prevalent interference on isobaric tag-based quantification. We created a quantitative accuracy model (Supplementary Fig. 2 ) by labeling tryptic yeast peptides with TMT6 tags and mixing them in ratios of 10:1:3:2:5:1.5. We combined this sample with an equal mass of tryptic human peptides, also labeled with TMT6 but mixed in ratios of 1:1:1:1:1:1. We assessed the degradation of quantitative accuracy by examining reporter-ion ratios in yeast-peptide spectra. This represented the worst-case interference scenario because we analyzed this mixture directly by nLC-MS/MS without prior fractionation. For the yeast 10:1 ratio, the measured median was 4.4:1, a 2.3-fold underestimation or a 66% relative error ( Fig. 1b,  Supplementary Fig. 3 and Supplementary Table 1 ).
One obvious approach to reduce interference is to narrow the MS/MS isolation width so that fewer contaminant ions are present during precursor activation. But use of this approach resulted in only minor improvements (4.3:1 to 5.4:1 for 3 to 1 Th; Supplementary Fig. 4 ). Note that isolation was less effective as window widths narrowed, resulting in fewer identifications (3,348 to 1,723 yeast peptide-spectrum matches (PSMs)
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We describe a mass spectrometry method, Quantmode, which improves accuracy of isobaric tag-based quantification by alleviating the pervasive problem of precursor interference, simultaneous isolation and fragmentation of impurities, through gas-phase purification. Quantmode analysis of a yeast sample 'contaminated' with interfering human peptides showed substantially improved quantitative accuracy compared to a standard scan, with a small loss of spectral identifications. this technique enables large-scale, multiplexed quantitative proteomics using isobaric tagging.
Protein identification technologies have rapidly matured such that constructing catalogs of the thousands of proteins present in a cell using mass spectrometry is now relatively straightforward 1 . Knowing how the abundance of these molecules change under various circumstances is not straightforward 2 . Stable isotope labeling by amino acids in cell culture (SILAC) provides a means to make binary or ternary comparisons of different samples via metabolic labeling 3, 4 . By interlacing these two-or three-way measurements, higher-order comparisons can be obtained 5 . Such experiments are invaluable, but constructing this type of multifaceted proteomics study is a time-intensive undertaking.
Isobaric tagging 6, 7 is an elegant solution to this problem, allowing relative quantification of up to eight samples simultaneously 8, 9 . Unlike metabolic labeling approaches, it is compatible with mammalian tissues and biofluids. Despite its potential, isobaric tagging has not been widely embraced for large-scale studies 10 chiefly because of the problem of precursor interference. This problem does not exist for SILAC because abundance measurements are obtained from high-resolution survey mass spectra (MS1). Even for very complex samples with hundreds of peptides that elute for 3 Th to 1 Th). Chromatographic prefractionation, another straightforward solution, did not reduce ratio truncation relative to an unfractionated analysis (unfractionated, 4.4:1 versus fractionated, 4.3:1; Supplementary Fig. 5 and Supplementary  Table 1 ).
Another strategy is to reject quantitative information from precursors with interference above a specified threshold. For the HCD data in Figure 1b , we used post-acquisition filtering, an option in TagQuant of the Coon OMSSA proteomic analysis software suite (COMPASS) 12 , to exclude MS/MS spectra if the precursor's purity was below 75% within the 3 Th MS/MS isolation window of the preceding MS1 spectrum. This technique ( Fig. 1b) improved quantification (to 6.2:1) but came at the expense of 66% of the data: 3,098 to 1,068 quantified yeast PSMs. We devised a method, real-time filtering (Supplementary Note), to execute this logic on the fly so that only precursors without major interference were sampled ( Supplementary Fig. 6 ). Real-time filtering boosted quantifiable PSMs relative to post-acquisition filtering and yielded comparable accuracy ( Supplementary Fig. 7 and Supplementary Table 1 ). However, as we still did not achieve the correct 10:1 ratio, these data evince that background contaminants are not always detectable in MS1 data.
We therefore devised an approach to combat interference directly via gas-phase purification: that is, by deconvolving the concomitantly isolated contaminants from the precursor in m/z space by manipulating either mass or charge before performing a second isolation. Expedient proton-transfer ion-ion reactions (PTRs) 13 efficiently reduce ion charge state and can be integrated easily into instrument-control methods. And because ion-ion reactions can be conducted on a variety of instruments, including ion traps, ion trap hybrids (orbitrap and Fourier transform ion cyclotron resonance), and quadrupole-time of flight 14 mass spectrometers, this approach should be broadly accessible. Note that standalone ion-trap systems, which are capable of performing beam-type collision-activated dissociation (CAD) 15 , are wholly compatible with the approach presented here; such a combination should offer a benchtop solution to multiplexed quantification.
Consider a doubly charged precursor at m/z of 500 isolated together with a triply charged contaminant also at m/z of 500. After PTR, the precursor is positioned at m/z of 999 (+1 charge state), whereas the interfering species moved to m/z 749.5 (+2 charge state). Subsequent isolation of m/z of 999 yields a purified precursor population, which can produce accurate quantification. In essence, this facilitates isolation on the basis of both m/z and z rather than simply m/z. Contaminants with a charge identical to that of the precursor are still spread in m/z space; for example, doubly charged interference at m/z 501 will be transformed to m/z 1,001 and effectively eliminated from the second 3-Th isolation window (997.5-1,000.5 Th).
We devised a scan function to implement this concept, which we call QuantMode, comprising the following steps ( Supplementary  Fig. 8 and The purifying effects of QuantMode are evident in Figure 2 . Examination of the 3 Th precursor isolation window (centered on m/z 595.72, +3 charge state) from the preceding MS1 scan revealed extensive contamination: merely 49% purity. This impurity did not hinder sequence identification upon HCD (peptide sequence RINELTLLVQK, OMSSA expectation value 2×10 −10 ). It did, however, cripple quantitative accuracy: the true 10:1 ratio was recorded as 2.5:1. A 30 ms PTR step on this impure population efficiently deconvolved the target (~45% for +3 to +2 charge state). The instrument then automatically isolated the doubly protonated precursor (m/z 893.08) from the contaminants (85% purity); note this mass analysis after PTR, although illustrative, is not necessary, as the precursor's charge-reduced m/z is easily calculated. This untainted charge-reduced precursor population is then dissociated under HCD conditions favorable to reporter-ion generation, the products of which are stashed in the c-trap. Next, sequence-informative products are formed through reinjection of the original triply charged precursor (m/z 595.72), isolation and fragmentation in the QLT. After combination in the c-trap, the mixed ion population was mass-analyzed in the orbitrap. The QuantMode scan, like its HCD-only counterpart, yielded a high-confidence match to the same peptide (OMSSA expectation value 2 × 10 −8 ). Yet in stark contrast to the truncated 2.5:1 ratio, QuantMode obtained a 9.9:1 ratio, virtually equivalent to the expected 10:1.
The QuantMode scan affords many benefits. First, independent control of dissociation parameters can simultaneously improve quantitative accuracy and spectral identifications ( Supplementary  Fig. 9 ). Second, decoupling permits the use of isobaric tagging with otherwise incompatible dissociation methods (for example, resonant-excitation CAD, electron-capture or electron-transfer dissociation, and others), allowing optimal identification and application of isobaric tagging to diverse sample types. Third, beyond decoupling benefits, QuantMode elegantly combines multiple disparate steps into a single scan to improve duty cycle.
To validate the efficacy of this method, we reanalyzed the mixed organism models with QuantMode. For the precursor purity model, purity improved from 68% to 88% among the same 1,297 precursors. Even more notable was the surge in ultrapure (≥99%) precursors, from 3% to 23%. But does this enhanced purity translate to superior quantitative accuracy? Yes; applying QuantMode to analyze the quantitative accuracy model shifted the measured ratio from 4.4:1 to 8.5:1, much nearer to the true value of 10:1 (Fig. 1b, Supplementary Fig. 3 and Supplementary Table 1 ). QuantMode incured a 21% loss (3,098 to 2,459) in identified yeast PSMs, but all were suitable for quantification. We observed outliers more frequently with QuantMode, which is partly attributable to its increased dynamic range and better overall precision, and to a lesser extent residual impurities and occasional inaccurate precursor-charge-state assignment, which results in incorrect isolation of the charge-reduced product.
We demonstrated that isobaric tagging suffers from systemic loss of quantitative accuracy because of pervasive and inherent precursor interference. QuantMode mitigates this problem through gas-phase purification and substantially increases quantitative accuracy without severely penalizing identifications. The method facilitates multiplexed measurements of protein and post-translational modification dynamics as well as of biological replicates for proper statistical treatment. This initial implementation will doubtless evolve to include a repertoire of dissociation methods, enhancing both sequence-and reporter-ion generation, and to improve duty cycle.
methods
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturemethods/. online methods Sample preparation. Wild-type yeast (Saccharomyces cerevisiae) was grown in rich medium to an OD 600 of 0.6. Cells were collected and centrifuged at 14,200g for 10 min at 4 °C. The resulting cell pellet was washed twice with sterile water and centrifuged at 1,100g for 5 min. Lysis buffer of approximately three times the cell pellet volume was added. The lysis buffer contained 8 M urea, 75 mM NaCl, 50 mM Tris (pH 8), 10 mM sodium pyrophosphate, 100 mM sodium butyrate, complete mini ETDA-free protease inhibitor (Roche Diagnostics) and phosSTOP phosphatase inhibitor (Roche Diagnostics). The cells were lysed using a French press, where the sample was pressed three times and then centrifuged for 15 min at 24,000g at 4 °C.
Human H1 embryonic stem cells were maintained in a feederindependent system, as previously described 16 . Cells were collected by application of an adequate volume of prewarmed (37 °C) 0.05% Tryp-LE to cover the culture surface for 10 min. After cell detachment, an equivalent volume of ice-cold DPBS (Invitrogen) was added before collecting the cells. Cell pellets were subsequently washed twice in ice-cold PBS and stored at −80 °C. Cells were lysed via sonication in lysis buffer containing 30 mM NaCl, 50 mM Tris (pH 8), 2 mM MgCl 2 , 50 mM NaF, 1 mM sodium orthovanadate, 6 mM sodium pyrophosphate, mini EDTA-free protease inhibitor (Roche Diagnostics) and phosSTOP phosphatase inhibitor (Roche Diagnostics).
For both yeast and human proteins, cysteine residues were reduced with 5 mM dithiothreitol (DTT), alkylated using 15 mM iodoacetamide and digested in a two-step process. Proteinase Lys-C (Wako Chemicals) was added at an enzyme:protein ratio of 1:100 and incubated for ~4 h at 37 °C in lysis buffer. Samples were then diluted with 50 mM Tris (pH 8.0) to a final urea concentration of 1.5 M and digested with sequencing-grade trypsin (Promega) at an enzyme:protein ratio of 1:50 at 37 °C overnight. Reactions were quenched using trifluoroacetic acid. Samples were desalted using C18 solid-phase extraction columns (SepPak; Waters) and dried to completion. Yeast and human peptides were then split into six equal mass aliquots. TMT labeling was then performed with each of these aliquots as described previously 17 .
The precursor purity model sample (Supplementary Fig. 1 ) comprised equal masses of a yeast aliquot labeled with the TMT6-126 tag and a human aliquot labeled with the TMT6-131 tag. The quantitative accuracy model sample (Supplementary Fig. 2) comprised six yeast and six human peptide aliquots labeled with TMT6-126-131 tags. Aliquots were mixed in the mass ratios 10:1:3:2:5:1.5 and 1:1:1:1:1:1 for yeast and human samples, respectively. These samples were then combined in equal masses. Chromatography fractions of the quantitative accuracy model sample were prepared by separation across a Gemini C18 column (Phenomenex) in 20 mM ammonium formate (pH 10) with an acetonitrile gradient. Five 1.5 min fractions were dried down before analysis.
Liquid chromatography-mass spectrometry. Analyses were performed with a NanoAcquity UPLC system (Waters) coupled to an electron-transfer dissocation (ETD)-enabled LTQ Orbitrap Velos (Thermo Scientific). Samples were loaded onto a 10-cm precolumn (75 µm inner diameter, packed with 5-µm Magic C18 particles; Michrom Bioresources) for 10 min at 98:2 0.2% formic acid:acetonitrile with 0.2% formic acid at a flow rate of 1 µl min −1 .
Samples were then eluted over a 25 cm analytical column at a flow rate of 250 nl min −1 (50 µm inner diameter, packed with 5-µm Magic C18 particles; Michrom Bioresources) using a gradient with an initial steep rise to 8% buffer B (acetonitrile with 0.2% formic acid) in 5 min, followed by a linear gradient to 30% buffer B over 120 min, then increased to 70% buffer B over 10 min and held for 5 min. The column was equilibrated with 2% buffer B for an additional 25 min. The column was made as previously described 18 .
Unless otherwise noted, the instrument method consisted of a data-dependent top-10 experiment with an orbitrap MS1 scan at a resolution (m/∆m) of 30,000 followed by either ten HCD MS/MS or QuantMode scans, mass-analyzed in the orbitrap at 7,500 (∆m/m) resolution. All isolation widths were 3 Th. HCD used a normalized collision energy (NCE) setting of 45 for 30 ms. QuantMode used PTR, the anions for which were generated by the commercial ETD source. For best PTR performance, we used the nitrogen adduct of fluoranthene at m/z of 216. We optimized source conditions and all associated ion optics, using the instrument's automated tuning procedures, for this PTR anion.
After accumulation of the precursor and reagent ions, the two populations were mixed via charge-sign-independent trapping, as in an ETD scan. Reaction conditions were tailored to produce the maximum amount of the single charge reduction; for example, the ion-ion reaction time for a triply charged precursor was set such that the maximum amount of doubly charged product was produced. For these experiments the following reaction times were used: doubly charged precursors were reacted for 80 ms, triply charged precursors were reacted for 30 ms, quadruply charged precursors were reacted for 20 ms, and all precursors with five or more charges were reacted for 10 ms.
After PTR, the resulting charge-reduced population was isolated and subjected to HCD (NCE 45, 30 ms). Note the chargereduced species was used for determining HCD energetics, not the initial precursor. These products are then stored in the c-trap. After HCD, but before mass analysis in the orbitrap, a second population of precursor ions (not charge reduced, that is, impure) was injected into the high-pressure QLT, isolated and subjected to resonant-excitation CAD (q-value 0.25, NCE 35, 10 ms). These products, which are devoid of the reporter region on account of the QLT low-mass cutoff, were mixed with the HCD products in the c-trap and then simultaneously mass-analyzed in the orbitrap.
Automatic gain control target values were 1,000,000 charges (MS1), 50,000 charges (HCD), 200,000 charges (QuantMode: PTR), and 10,000 charges (QuantMode: resonant-excitation CAD). Note: more recent data we collected indicate a reduction in QuantMode PTR automatic gain control target to 50,000 charges results in neither substantial loss of quantitative accuracy nor identification rate. Precursors of unknown or +1 charge state were rejected. Dynamic exclusion was enabled for 60 s after one precursor activation.
For the QuantMode overview experiment (Fig. 2) , we instead used a data-dependent top-3 instrument method consisting of a 30,000-resolution (m/∆m) MS1 scan in the orbitrap followed by (i) normal HCD MS/MS, (ii) PTR MS/MS and (iii) HCD MS/MS/ MS of the charge-reduced precursor followed by CAD MS/MS of the original precursor, in three separate scans, all mass-analyzed at 7,500 resolution (m/∆m) in the orbitrap. For the isolation width experiments (Supplementary Fig. 4) , standard HCD was used with MS/MS isolation widths from 3 Th to 1 Th in increments of 0.5 Th. For HCD NCE experiments (Supplementary Fig. 9 ), standard HCD was used with NCEs of 30 to 70 in increments of 5. In this case only the yeast component of the quantitative accuracy model sample was used with no human interference.
All data is available as Thermo .raw files at http://chem.wisc. edu/~coon/Downloads/QuantMode/. Data analysis. The resulting data was processed with COMPASS 12 . OMSSA 19 searches were performed against a target-decoy 20 database containing both yeast (Saccharomyces Genome Database 21 , http://www.yeastgenome.org/, released 3 February 2011, "all" version including all systematically named open reading frames, including verified, uncharacterized and dubious open reading frames and pseudogenes) and human (International Protein Index 22 version 3.80) proteins using an average precursor mass tolerance of ± 5.0 Da and a monoisotopic product mass tolerance of ± 0.01 Da. Carbamidomethylation of cysteines (+57 Da), TMT6 on peptide N termini (+229 Da) and TMT6 on lysines (+229 Da) were specified as fixed modifications. Oxidation of methionine (+16 Da) and TMT6 on tyrosines (+229 Da) were specified as variable modifications.
All analyses were independently filtered to 1% false discovery rate at the unique peptide level. Peptides that could be derived from human proteins, regardless of enzymatic specificity and treating leucine and isoleucine as equivalent, were removed from consideration so only peptides of yeast origin were evaluated for quantitative analysis.
